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Observation of coherent hybrid reflection with synchrotron radiation
High resolution synchrotron radiation has been used to investigate the occurrence of coherent hybrid reflections ͑CHR͒ in the In 0.49 Ga 0.51 P/GaAs͑001͒ structure. Several scans at the 002 layer reflection were carried out. The scanned intervals are correlated by the ͓001͔ axis symmetry and should present the same pattern. A break in the symmetry is observed due to constructive/ destructive interference of the hybrid amplitudes with the amplitude from the 002 layer reflection. The effects of substrate miscut and interface distance are taken into account to explain the observed patterns. The application of CHR as a high sensitive tool to analyze epitaxial growth is discussed. © 1998 American Institute of Physics. ͓S0003-6951͑98͒03841-8͔
In research for understanding a physical phenomenon, very often a new technique for materials analysis comes out, as in the case of the x-ray multiple diffraction ͑MD͒ phenomenon. 1 Besides its most important applications, a solution for the ''phase problem'', 2,3 the investigation of this phenomenon has generated several procedures to analyze epitaxial structure 4 and semiconductor surfaces. 5, 6 MD arises when two or more reciprocal lattice points ͑r.l.p.͒ are touching the Ewald sphere. In order to systematically generate MD, the crystal is first aligned by a rotation for a symmetric Bragg reflection, the primary reflection 01. The rotation of the crystal around the reciprocal vector of the primary reflection, H 01 , brings additional reflections, secondary reflections 0i (iϭ2,3,...), to simultaneously diffract the incident beam. Bragg or Laue-types of secondary reflection specify the secondary beam direction above or below the crystal surface, respectively. The interactions among the diffracted beams inside the crystal modify the primary intensity that is monitored in a scan. The coupling reflections are responsible for such interactions, and their reciprocal lattice vectors are given by H i j ϭH 0 j ϪH 0i .
Hybrid reflections 4 occur in epitaxial structures close to MD conditions. 1 They are different sequences of reflections inside the layer/substrate structure where the secondary and coupling reflections are not in the same lattice. Hereafter, subscript L or S will be used to indicate reflection in the layer or substrate lattice, respectively. In the scan of the 01 L primary reflection, 02 L ͑Laue͒ and 03 L ͑Bragg͒ are the secondary reflections of a typical four-beam diffraction in the layer. In Fig. 1 are illustrated the two types of hybrid reflections, labeled as LS and SL, 4 that occur near this four-beam diffraction. The hybrids are specified by their sequence of reflections, 03 S ϩ31 L ͓SL hybrid, Fig. 1͑a͔͒ and 02 L ϩ21 S ͓LS hybrid, Fig. 1͑b͔͒ .
The feature about hybrid reflection that we would like to present here is the interference of the wave fields from hybrid reflections with the primary reflection. If they can interfere, it means the coherence of the x-rays is preserved along the hybrid path ͑sequence of reflections͒. So, we call them coherent hybrid reflection ͑CHR͒. All cases of hybrids investigated in the past were incoherent since they had always been observed as a positive contribution to the primary intensity, i.e., as superposition of intensities. High resolution scans were carried out in the station 16.3 at Daresbury Synchrotron Radiation Laboratory. The and axes of the six-axis diffractometer allow us to perform scans with minimum step size of 0.0004°and accuracy less than 0.008°. The beamline monochromator provides photons in a wavelength ͑͒ of 1.48676͑5͒ Å. The procedure to determine , based on the SL hybrid occurrence, is described later. Cross-slit screen also limits the divergence of the beam to about 4 arcsec in both and scans.
The sample used here is a In x Ga 1Ϫx P layer grown on top of GaAs͑001͒ substrate by chemical beam epitaxy ͑CBE͒. It was characterized by four scans of the 002 reflection performed at ϭ0°, 90°, 180°, and 270°. They all are identical to the one shown in Fig. 2 , and the notation 02 L /03 L ͑Laue/Bragg͒ has been employed. The pattern observed in this interval repeats over the scan obeying the mirror symmetry of the ͓001͔ zone axis, therefore, at intervals around ϭ29°, 61°, 119°, 151°,..., 331°. Also, it has been defined a notation, such as ͕hk͖1 L /͕hk͖3 L , in order to specify the families of four-beam diffractions that appear in positions related only by the symmetry of the zone axis.
We have measured three families of four-beam diffrac- 
.16°, and Ϸ29.38°, respectively. The most interesting feature in these scans is the break in the mirror symmetry of the zone axis regarding the mirrors at 45°and 135°. Such symmetry break is characterized by either the SL hybrids appearing as peaks or as dips and the different changes in the ͕11͖1 L /͕11͖3 L and ͕31͖1 L /͕31͖3 L profiles due to the LS hybrids. In spite of this fact, and before we get into it, the SL hybrids will be used to determine the wavelength, , and also to check the incidence angle, , in which each scan was performed. In general, variation in the angle during a long rotation occurs due to small misalignments between H 01 and the axis.
The SL hybrid appears when the 03 S r.l.p. crosses the Ewald sphere. Its position depends on , , and a 0 ͑the substrate lattice parameter͒. It can be calculated by the equations 4 ϭ␣Ϯ␤ and cos ␤ϭ͓/2a 0 (h 2 ϩk 2 ϩl 2 ) Ϫl sin ͔/ͱh 2 ϩk 2 cos where 2␤ is the angle between the two positions in which the 03 S r.l.p. crosses the Ewald sphere ͑out/in and in/out positions͒. The term ␣ stands for the angle between the ͓110͔ reference direction and the projection of H 03S into the ͓001͔ zone. The term hkl is the Millër index of the 03 S reflection.
These equations are used here to determine both and values from the measurements of two different families of SL hybrid reflections ͑Table I͒. These values from each scan in Fig. 3 are also shown in Table I . They were determined by plotting ⌬␤ϭ␤ calc Ϫ␤ exp vs for the SL11 and SL31 hybrids. The experimental value is given by the intersection of the two plots, and is adjusted in order to set the intersection to ⌬␤ϭ0. These results show that the scans were performed at near the maximum of the 002 layer peak ͑ϭ15.238°, full width at half maximum ͑FHWM͒ ϭ34.7 arcsec͒ with an accuracy better than 0.0033°͑12 arcsec͒. The experimental wavelength ͑average from the scans͒ has been determined by this procedure as 1.48676͑5͒ Å. The proof that the hybrid reflections observed in the scans ͑Fig. 3͒ are CHR is provided by the symmetry breaks mentioned above. SL hybrids appearing as peaks or as dips demonstrate the constructive or destructive inference of the x-ray wave field ͑amplitude͒ scattered by the hybrid reflections with the wave field from the 01 L primary reflection. The changes in the profiles of the layer four-beam diffractions are also due to the interference with the wave field from hybrid reflections, LS hybrid in these cases.
The value is practically the same for all scans. Since it is constant, the rotation should not affect the path length in samples with an in-plane isomorphism. Therefore, it allows us to assume that some morphologic difference must exist between the in-plane ͓110͔ and ͓110͔ directions, as, for instance, the miscut of the substrate.
The function ␦()ϭ␦ 0 sin() will be used to express the projection of the miscut in the primary incidence plane. By taking ⑀ as the interface distance, 8 the interfacial separation between the last monolayer of atoms in the substrate and the first diffracting one in the epilayer. The assigned phase shift for a hybrid reflection is the following: The ⍀͑͒ values for each measured SL hybrid are shown in Table I , calculated with ϭ15.238͑3͒°and ␦ 0 ϭ0.6(1)°. These values are very well correlated with the hybrids appearing as peaks or as dips. For instance, the SL11 hybrids are peaks in the scans B and C since they have the same ⍀͑͒ value. Note that only the symmetry of the mirror at ϭ90°has been preserved by taking the miscut into account. Therefore, the symmetry break is due to the miscut. The question that still remains regards the fact that both SL11 and SL31 are peaks ͑or dips͒ in the scans B and C ͑or A and D͒. Is it a rule or just a coincidence? The total intensity scattered by the sample is Iϭ͉A P ϩA H ()exp(i⌽ϩi)͉ 2 , where A P and A H () are the amplitudes modulus from the primary and hybrid reflections, respectively. The triplet phase 3 ⌽ takes into account the structure factor phases for the 01 L , 03 S and 31 L reflections. The behavior of the intensity maximum at each hybrid position can be understood by analyzing ⌬I 11 ϭ(I BC ϪI AD ) SL11 and ⌬I 31 ϭ(I BC ϪI AD ) SL31 as a function of ⑀/. The subscripts BC and AD indicate the hybrids appearing in the scans B or C and A or D. The oscillation periods of these ⌬I functions are the same for both, and equal to 0.1780͑3͒ ͑average of 1/⍀͒. It is sensitive neither to small misalignment in nor to the miscut angle. The functions also have envelopes whose periods are different, 211͑166͒ and 26͑6͒ for ⌬I 11 and ⌬I 31 , respectively.
The oscillation periods tell us that the hybrid wave field changes from constructive to destructive interference with small variation in ⑀, of the order of 0.089 ͑Ϸ0.13 Å͒. The envelope periods describe the relationship between the SL11 and SL31 intensities. Since they are different, it is possible to observe SL11 and SL31 both as peaks, both as dips, and one as peak and the other as dip. For the analyzed sample, ⑀/ value has to be in an interval where ⌬I 11 ӷ⌬I 31 Ͼ0. The triplet phase ⌽, different for each family of hybrid, does affect the position of such interval.
The absolute determination of the two major variables ⑀ and ⌽ is a very complex problem because the actual modulus of the hybrid amplitudes, A H (), are unknown. Even though, if A H () and ⑀ could be measured or estimated, CHR can lead to a solution of the phase problem ͑determi-nation of ⌽͒ for epitaxial layers. Multiple diffraction procedures 3 applied to solve the phase problem in epitaxial layers will always be affected by hybrid reflections.
In summary, the occurrence of coherent hybrid reflections ͑CHR͒ with synchrotron radiation has been reported. The long coherence length of the radiation is important to observe CHR since it has to be preserved along the hybrid path. The observed symmetry brake in the scans has been explained as a consequence of the substrate miscut. The CHR brings the prospect of a tool to high resolution analysis of semiconductor layer/substrate interfaces as well as of the in-plane morphology of the epitaxial growth. Very small changes ͑Ӷ0.1 Å͒ in the interface distance can be observed by monitoring the hybrid intensity as a function of the illuminated area of the sample. The three-dimensional arrangement of the epitaxial growth structure is achieved by full rotation. Then, the isomorphism of the growth, with respect to the growth direction, can also be checked.
